METHODS

Data preparation
All private well water sample records and results are stored in the Water Testing Information System (WTIS) database, which is owned by PHO. For this study, two datasets were retrieved from the database: all samples tested by the PHOL in Kingston (PHOL-K) in the five-year period between January 1, 2008, and December 31, 2012, and all samples submitted to all PHOLs in the 10-year period between January 1, 2003, and December 31, 2012. Samples not meeting the criteria for testing (e.g., improperly collected) were rejected, and neither of the datasets examined included these unprocessed samples. The 5-year dataset was retrieved for detailed analysis, whereas the 10-year dataset was examined to provide greater context when analyzing temporal trends. Ethics approval for the study was obtained from the Queen's University Health Sciences and Affiliated Teaching Hospitals Research Ethics Board in Kingston, Ontario.
Data representing unique properties with drinking wells were used in this study as the unit of analysis since the aim was to capture the number of properties whose owners met the suggested private well water guidelines in Ontario. To identify unique properties and to match multiple submissions from a single property in and across years, geocoordinates (geocodes) were determined for records from the five-year dataset. The multistage geocoding process used here has been previously published. 11 Included in this process were both automated algorithms and subsequent manual review, to address differences in information provided from multiple submissions for individual wells. This ensured that there was a one-to-one ratio between a well address and a geocode, and verified that all submissions from a unique location were captured.
The five-year dataset (all data from PHOL-K as captured by WTIS) was used during analysis; however, some samples tested by PHOL-K were from regions typically serviced by other PHOLs. Therefore, not all samples from these unique properties may have been received at PHOL-K. Using geocoded provincial submission data and PHOL locations, natural intake boundaries for each laboratory were defined (unpublished data, Majury et al.), creating an approximate catchment region for PHOL-K. Water samples from wells within this region had the highest probability of not being submitted to other laboratories. To determine the effects of wells outside the catchment zone, sensitivity analyses were performed, which involved re-analyzing the data with these wells removed. All visualizations and mapping were done using ArcMap (version 10.0, ESRI Inc., Redlands, CA).
Finally, a five-year (2008 to 2012) dataset for the entire province of Ontario was retrieved from WTIS to provide information on the extent of contamination in the province.
Data analysis
Properties were designated as "having met guidelines" 6, 7 for an individual year if a minimum of three well water samples were submitted for that property to PHOL-K in the given year and had no significant evidence of bacterial contamination (NSBC), defined by standard practice at the PHOLs, namely, any sample that had no E. coli colony forming units (CFUs) per 100 mL and ≤5 total coliform CFUs per 100 mL. The percentage of properties that met guidelines was determined individually by year, and across years, culminating in the percentage of properties that met guidelines in all five years of study.
Temporal trends in the rate of properties meeting guidelines were investigated using the Cochran Armitage Trend Test; JMP 11 (SAS Institute Inc., Cary, NC) was used for this statistical analysis. Specifically, the number of properties that met guidelines in each year was compared against those that did not as time progressed. For the primary analysis, properties that did not submit in a given year were omitted from counts for that year (a sensitivity analysis was performed in which these wells were included and assumed to have not submitted). The goal of this analysis was to determine whether there was a temporal shift in the number of wells in the region that were meeting Ontario submission guidelines in either a positive or negative direction. Additionally, using the catchment area defined above, a second sensitivity analysis was performed on the results of the Cochran Armitage test.
The 10-year dataset was used to plot the number of submissions over time in order to observe possible temporal trends. Additionally, Pearson's correlation coefficient was Table 1 .
Number of properties, categorized by the number of years (and the specific years) they submitted over a five-year period calculated for year (as the independent variable) and the number of submissions (the dependent variable), together with its statistical significance, using IBM SPSS Statistics 21 (IBM Corp., Armonk, NY).
RESULTS
The five-year dataset from PHOL-K contained 107,547 submissions, of which 83.82% were successfully geocoded, resulting in a dataset of 90,149 records. These records represented 30,687 unique properties across the five years, ranging from 9,404 to 10,396 unique properties by year. The unique properties can be found in Figure 1 , displayed by the number of years a property had submitted water samples (between one and five). The majority of properties (65.33%) submitted well water samples during only one year of the five-year study period; the specific distribution of the number of properties and which years samples were submitted can be found in Table 1 .
In any given year, between 10.75% and 12.83% of the properties included in the analysis met the three NSBC samples per year submission guidelines (Table 2) . However, when considered across the five-year time period, only 0.31% of all 30,687 properties in the study met the guidelines each and every year. Of all study properties, 12.84% met the guidelines at least once between 2008 and 2012; however, of these, the majority (75.55%) met the guidelines only once in this timeframe. When all properties outside the catchment zone were removed in a sensitivity analysis, the rate of properties that met the guidelines in all five years did not change. Table 3 shows the data that were used for the Cochran Armitage Trend Test. The test showed a statistically significant trend towards fewer properties meeting guidelines per year as time progressed (p value <0.01; Z of 5.19). This represented a 15.20% decrease in the rate of properties meeting the guidelines (from 12.83% in 2008 to 10.88% in 2012). Neither of the performed sensitivity analyses (one using all wells in the study, another using the natural catchment zone) altered the p value.
The Ontario well water submission numbers from 2003-2012 can be found in Figure 2 (along with the number of contaminated samples split by season). Additionally, there was a very strong negative relationship between time and number of tested private well water samples submitted to the PHOLs over the 10-year period (Pearson r=0.98; p<0.01). Specifically, there was a 37.66% decrease over the 10 years in the entire province 
DISCUSSION
Using multi-year regional data, this study describes private well water submission rates and trends in the context of historical guidelines, which recommend three NSBC results per year. The study dataset comprised solely the properties that submitted at least one well water sample over the five-year period, resulting in a total of 30,687 unique properties; 29,577 of these fell within the defined approximate PHOL-K catchment zone determined by the study. According to the best available private well database for the region there are 91,738 wells within this catchment zone, 12 suggesting that the dataset used by the study accounts for only 32.24% of actual wells. The dataset used represents 83.82% of all samples submitted to PHOL-K within the five-year time frame. Therefore, it is likely that the majority of the remaining wells did not have a sample submitted to the closest public health laboratory within the study period. Thus, it is reasonable to conclude that the limited compliance observed by the study is actually considerably more prevalent.
Previous research in Ontario suggests that 4.5%-8.0% of well owners test their water according to the Ontario guidelines. [8] [9] [10] This evidence was compiled from surveys and records from a single year. Our study found that, on average, 11.60% of properties included in the study had at least three NSBC bacteriological analyses performed in any given year. Extrapolated to the actual number of wells in the region, the average was approximately 3.73% of wells, which is similar to the previously established range. However, when studied in a fiveyear succession, only 0.31% of the wells studied met the guidelines, which corresponds to 0.10% of all wells within the region. The addition of the temporal tracking of submissions per year provides clear evidence that 99.69%-99.90% of wells are not bacteriologically tested enough to meet traditional Ontario public health guidelines. 7 Therefore, users of private well supplies are consuming water of unknown quality and subsequently may be at risk of illness.
A significant benefit of using multiple years of data is the ability to detect trends over time; this was the first study to conduct such a multi-year assessment, with the intent of examining trends. The results from the two temporal analyses (the percentage of wells that met guidelines by year across five years from PHOL-K and the total number of tested samples across 10 years for the province) provided strong statistically significant evidence of decreased submission practices over time. On the basis of these identified trends, it is reasonable to project that submission levels will likely continue to decline without external factors, for example increasing education on the importance of well water testing, or a tragic outbreak like the one that occurred in Walkerton, Ontario 13 and highlighted the risks associated with drinking non-potable water.
By using unique locations with wells as the unit of analysis rather than well owners, this study was limited in its ability to make direct inferences about well owner behaviours. Furthermore, multiple wells may be owned by a single individual, in which case that owner's submission patterns may be captured multiple times. The study examined convenience samples of submitters to the local PHOL. Other testing facilities exist within the study area, and thus individual or multiple submitters may not be identified when owners submit samples to other laboratories. The catchment zone sensitivity analyses were used to limit the effects of other public health laboratories. There is only one certified private laboratory within the region, and this laboratory provides fee-based bacteriological testing. Additionally, previous research suggests that real estate transactions are a primary reason for water testing; 10 these submissions would increase the testing numbers observed by the study but do not reflect underlying water testing behaviours. There is no reason to suspect economic bias in the samples received at the laboratory, as there is no direct cost associated with the test. Finally, if a sample tests positive, health units often recommend chlorinating the well and following up with a second submission. These re-submissions might limit the study's ability to track true "meeting guidelines" submission patterns, as we were not able to distinguish such re-submissions. Therefore, the percentage of wells that are tested on the basis of current recommendations may be under-represented in the study.
The investigation used calendar year as the unit of time in all analyses. This is the best available timespan for analyzing yearly submission data, as the cut-off is opposite the primary submission season (summer). Over 10 years, 67.16% of samples were submitted between April and September (inclusive). Furthermore, as observed in Figure 2 , the majority of contaminated samples are submitted during the summer, so it is least likely that the cut-off interrupts any samples being submitted subsequent to an earlier positive result. The results of this study describe only southeastern Ontario, in particular those submissions associated with the PHOL-K. Given the magnitude of records required to perform this analysis (over 100,000 records for this region for five years), it was not feasible to perform the analysis for the entire province (over 900,000 records). However, the individual year findings were comparable with the results of previous studies, which occurred in other regions of the province. [8] [9] [10] Furthermore, the population demographics of the study region are appropriate for private well research, as the population is 47% rural (and therefore dependent on private water supplies) as compared with 14% in the entire province.
14 Additionally, the study substantially added to the current body of knowledge on the prevalence of bacterial contamination in private wells in Ontario, since the last major study was conducted 20 years earlier. 3 The provincial results of our study, which are based on a higher number of wells (greater than 900,000 submissions compared with 1,300 wells), found considerably lower rates of contamination than the 1992 study: 23% coliform contamination compared with 34% and 4% E. coli contamination compared with 20%. These findings can be used to assess the current bacteriological contamination risk in the province.
POLICY IMPLICATIONS
This paper, together with previous studies in the province, [8] [9] [10] provides definitive evidence that the majority of private well owners in Ontario are not meeting the historic guidelines. Furthermore, submission levels are declining. This would suggest a need to develop public health programming to improve testing behaviours. However, before resources are allocated, it is first necessary to examine the rationale and requirement for submitting an NSBC water sample three times per year, as outlined in the guideline.
Bacteriological testing guidelines for private wells are intended to ensure stable biological potability. The recommendations vary across the country regarding how often well water needs to be tested to meet this standard. Only Newfoundland and Labrador also promotes testing three times per year.
15 Health Canada recommends testing private well supplies two to three times per year, 16 whereas three provinces (Saskatchewan, Manitoba and Prince Edward Island) recommend only once per year [17] [18] [19] and three provinces recommend twice per year (Quebec, New Brunswick and Nova Scotia). [20] [21] [22] Currently, British Columbia provides no numerical guidelines, 23 and Alberta suggests between two and four times a year based on well depth. 24 This variability in private well water testing policy also exists across North America. The US Environmental Protection Agency recommends annual testing for coliforms and more regular testing if there has previously been a water quality issue within the well or if members of the household have experienced recurrent gastrointestinal illness. 25 Generally in the US, testing is conducted at private laboratories, but some county health departments offer the service or have targeted programs for atrisk populations, such as households with young children. 26 As noted by de Loë and Kreutzwiser in their review of groundwater policy after the Walkerton outbreak, self-supplied groundwater sources are no less at risk of contamination than public groundwater systems, but regulations require a higher testing frequency of public sources. 13 The Canadian Drinking Water Guidelines Technical Documentation notes that municipal systems should be tested for E. coli contamination at a minimum of once a week. 27 The Ontario Safe Drinking Water Act requires groundwater-sourced non-municipal residential systems (systems that service more than six residences) to test the raw water once a month. 28 There is insufficient scientific literature to support any of these testing frequencies. A study in Quebec that conducted monthly and bimonthly sampling over a nine-month period found significant variation in total coliform count, one well increased from 1 to 2,419 total coliform count in a one-month period. 29 Variation in E. coli contamination was also observed with some seasonal patterns. Furthermore, recent evidence suggests that there can be considerable variability in fecal indicator counts in a 24-hour period. 30 Given that testing frequency guidelines have a) a lack of compliance, b) variability across Canada and North America and c) no supporting scientific evidence, the need for a re-evaluation of private well water testing policies in Ontario and across Canada is evident. Two stages are required: 1) the development of a scientific body of literature on groundwater bacteriological contamination and the evaluation of human health risks in order to create evidence-based testing frequency guidelines; and 2) the implementation of general and targeted public health programs and policies to ensure that there is compliance with the developed guidelines. 
